Traumatic brain injuries are a leading cause of morbidity and mortality worldwide. With 14 almost 50% of traumatic brain injuries being related to axonal damage, understanding the 15 nature of cellular level impairment is crucial. Experimental observations have so far led to the 16 formulation of conflicting theories regarding the cellular primary injury mechanism. 17 Disruption of the axolemma, or alternatively cytoskeletal damage has been suggested mainly 18 as injury trigger. However, mechanoporation thresholds of generic membranes seem not to 19 overlap with the axonal injury deformation range and microtubules appear too stiff and too 20 weakly connected to undergo mechanical breaking. Here, we aim to shed a light on the 21 mechanism of primary axonal injury, bridging finite element and molecular dynamics 22 simulations. Despite the necessary level of approximation, our models can accurately 23 describe the mechanical behavior of the unmyelinated axon and its membrane. More 24 importantly, they give access to quantities that would be inaccessible with an experimental 25 approach. We show that in a typical injury scenario, the axonal cortex sustains deformations 26 large enough to entail pore formation in the adjoining lipid bilayer. The observed axonal 27 deformation of 10-12% agree well with the thresholds proposed in the literature for axonal 28 injury and, above all, allow us to provide quantitative evidences that do not exclude pore 29 formation in the membrane as a result of trauma. Our findings bring to an increased 30 knowledge of axonal injury mechanism that will have positive implications for the prevention 31 and treatment of brain injuries.
2
It is apparent that, in order to describe the axonal injury mechanism, both axon-specific 22 boundary conditions and material properties should be taken into account. Therefore, to 23 provide mechanical insights into the initiation of axonal damage, we combined a finite 24 element (FE) model of a generic distal portion of an unmyelinated axon and a molecular-25 based lipid bilayer model with fixed number of particles. In particular, the axonal model was 26 utilized to simulate typical stretch injury scenarios (Figure 1a, 1d) . As a result of cellular-27 level deformation, local deformations happening at the cortex level (Figure 1b, 1e ) could be 28 extracted. These local deformations were then used as input for molecular simulations of the 29 axonal lipid bilayer (Figure 1c, 1f) . In this way, membrane permeability or poration could be 30 quantified in dependence of applied axonal strain and strain rates. idealization, for the explanation they can provide of traumatic phenomena. Through FE 36 simulations it is in fact possible to simulate traumas and extract quantities that would 37 otherwise be inaccessible via an experimental setup. Similarly, the FE method has been used 38 to capture the mechanical behavior of cells and subcellular components. [41] [42] [43] [44] [45] [46] [47] More recently, 39 FE models of the axon have been proposed to shed a light on the mechanism behind axonal 40 injury. 25, 26, [48] [49] [50] 41 42
In the present study a previously published and validated axon FE model was used ( Figure   43 1a), which is a 8 μm long representative volume (RV) of an axon consisting of three main 44 compartments: a microtubule (MT) bundle, the neurofilament (NF) network and, finally, the 45 axolemma-cortex complex wrapping the entire structure. 26 The axon model diameter (1.15 46 µm) was chosen to fall in the range of those from experiments to which it was originally 47 validated against. [51] [52] [53] The choice of its length was instead dictated by considerations related 48 4 to the average MT length. Given the average continuous length of MTs (4.02 µm), 54 to 1 contain a unit length of the microtubule bundle the length of the axon RV was set to 8 µm. 2 Given its cross-section and the proposed MTs densities, 19 rows of MTs were included in the 3 axon RV, each containing two randomly placed discontinuities. [55] [56] [57] 4 5
In the MT bundle, solid elastic MTs are cross-linked by viscoelastic tau proteins, which are 6 modeled as discrete beams. These are assigned a failure threshold so that they stop carrying 7 the load as soon as they reach double their length. 20 The NF network is modeled as a dense 
23
PS in purple, GM in red, anionic lipids in pink, and the rest of lipids in gray, water is not visualized for clarity). 
27
In a study focused on the assessment of RBC membrane mechanical behavior, Evans and 28 coworkers defined the lipid bilayer as "along for the ride" when the cell is deformed, meaning 29 that the cortex (or "matrix") is the one resisting the applied deformation and influencing the 30 structural response. 59 Assuming this to be true also for the axon, in the current study, the 31 axonal wrapping layer was assigned properties in line with those of the sole axonal cortex.
32
The axonal cortex has a unique periodic organization made of rigid actin rings connected by 33 flexible cylinders of spectrin. 60 In our model the cortex is represented by a layer of fully 34 integrated shell elements with a thickness of 50 nm. 61 These elements were assigned a shear 35 modulus G = 0.0016 MPa and a viscosity η =10 5 Pas. 62, 63 Mechanical properties of all the 36 5 model components can be found in Table 1 . In a recent study, fluid friction was observed at 1 the membrane-cortex interface with friction forces being proportional to the relative speed of 2 the two layers. 61 Considering the axonal loading mode chosen for this investigation (i.e. pure 3 stretching), however, the relative movement between the two layers can be assumed to be 4 minimal. Hence, we assumed the lipid bilayer as fully tied to the cortex: any deformation 5 happening in the cortex plane would be directly transferred to the lipid bilayer. Therefore, in 6 the current study an explicit FE representation of the membrane was avoided (hence the 7 "virtual" representation in Figure 1 ) and deputed instead to a molecular dynamics 8 description. In practice, cortical deformations resulting from axonal injury simulations were 9 extracted and fed into coarse grained (CG) membrane or membrane-protein systems. 
Axonal injury simulations 16
To study axonal injury at the single-cell level it was deemed appropriate to consider the 17 axonal behavior under uniaxial deformation. It is generally accepted that strain is the main 18 mechanism behind axonal injury. 64 Although at the tissue (i.e. brain) level strain presents 19 itself as a 3D tensor, to enforce experimental control, it is common to apply only one 20 deformation at a time, this being of compressive, tensile or shearing nature. It has previously 21 been shown with neuronal cultures that different loading modes might actually lead to 22 different mechanisms of injury. 65 Specifically, in that study, Geddes-Klein and coworkers 23 found that stretching a primary cortical neuron culture uniaxially or biaxially (simultaneously 24 in two perpendicular directions) yielded different mechanisms behind the influx of calcium.
25
However, it should be considered that when deforming a network of cells -which are not 26 embedded in a matrix-, the network's almost 1D structures, the single axons, will first re-27 orientate in the direction of the load and then mostly stretch.
29
In an effort to investigate a general axonal behavior, rather than a particular one, 10 different 30 FE axon models were produced by altering the MT bundle geometry of the baseline model.
31
More specifically, every model was generated by randomly moving the MTs discontinuities were enforced on a quarter of a model and simulations were run with the latter condition.
35
6 Each axon FE model was subjected to a displacement-controlled uniaxial tensile deformation 1 (Figure 1d) . Namely, each model was stretched up to a global strain ε axon = 30%. This 2 deformation range was chosen to cover all the axonal injury thresholds proposed so far in the 3 literature at either cellular or tissue level. [66] [67] [68] [69] [70] The deformations were applied at strain rates 4 =1,10, 20, 40 /s, which are characteristic of axonal injury experiments. 7, 9, 18 It is important to 5 note that our axon FE model represents an unmyelinated axon and hence can be compared 6 against in vitro injury model, which typically do not present myelinated axons. All 7 simulations were performed in LSDYNA using an implicit dynamic solver. The implicit 8 scheme was a necessary choice dictated by the element dimension, while the dynamic regime 9 was chosen to be able to capture strain-rate related inertia and material effects. Subsequently, 10 for each simulation of 1,10, 20 and 40 /s strain rates the 1 st and 2 nd principal strains ( , ) 11 in the cortex plane were extracted as function of axonal strain. glycolipid, (and for some studies also sphingomyelin (SM)) as the main components (Table   19 S1). To mimic the axolemma's lipid composition, the mammalian plasma membrane model 20 deposited on MARTINI webpage (http://www.cgmartini.nl/) was used. 74 In the membrane structure for the homo sapiens Na v 1.1 has not been resolved experimentally, however, the 36 encoding gene is known (SCN1A gene). 76 Thus we built the 3D structure using homology 37 modeling and Phyre2 server was used. 77 Among the available sodium channels, the best 38 sequence alignment (100% confidence and 48% sequence identity) was found with putative 39 sodium channel from American cockroach, Na v PaS (PDB ID: 5X0M). 78 The cryo-electron 40 microscopy structure of Na v PaS has been used as template. The missing N-terminal and C-41 terminal domains, 1-2 and 3-4 linkers were modeled using the software Modeller. 79
42
The so obtained 3D structure for Na v 1.1 is composed of a single polypeptide chain that folds 43 into four homologous repeats (Figure 2) , each one containing six transmembrane segments.
44
The protein was oriented in the lipid bilayer using Positioning of Proteins in Membrane
45
(PPM) method. 80 The structure was first minimized in the PC bilayer at the atomistic level 46 (using CHARMM36 force field 81 ) using 5000 steps of steepest descent minimization and then 47 equilibrated for 200 ns. The obtained atomistic structure was used to build the protein CG model. Martinize protocol 1 together with ElNeDyn were used to convert the atomistic Na v 1.1 structure into a coarse-2 grained model. 82, 83 One protein was embedded in the 42x42 nm 2 CG membrane (Figure 2) , 3 that corresponds to a density of 567 ion channels/μm 2 . 20 fs was used. The Verlet cutoff scheme was used. Non-bonded interactions were calculated 23 using a cut-off of 1.1 nm. 88 The reaction field potential was used to treat long range 24 electrostatic interactions using a switching distance of 1.1 nm. 89
26
NPT simulations were performed to equilibrate the membrane structure in absence of 27 deformation. To generate the starting structures for deformed lipid bilayers, we deformed the 28 bilayer using unsteady stretching algorithm with a stretching speed c=5 m/s. The so-obtained 29 deformed system was then simulated at constant bilayer area for 2 µs to generate an ensemble 30 of configurations that describes the membrane at the selected strain. The simulations were 31 extended up to 5 µs for strains larger than 30 %. During the simulations an elastic bond force 32 constant of 500 kJ.mol -1 .nm -2 was applied to the protein atom pairs within a 0.9 nm cut-off 33 (ElNeDyn). 83 That means that the protein is simulated as a semi-rigid body. The analysis was 34 performed on the last 1μs of production runs. The errors were calculated by block averaging 35 over 5 blocks. All the figures were rendered using Visual Molecular Dynamics software. 90 As 36 criteria to detect pore formation in the lipid bilayer, we use the jump in the surface tension.
37
After the detection of the pore, simulations were extended of 5 to 9 µs to check whether 38 spondaneous sealing occurred in the simulation time scale (microseconds). The transport of substances across a lipid membrane is a biological process of vital 1 importance. Small molecules, such as water molecules or drugs, can be transported into the 2 membrane in a passive or active way. A passive transport proceeds via an entropy-driven, 3 nonspecific diffusion process of the molecule across the membrane. Permeability or leakage 4 of a small molecule should give a measure of the structural stability of the membrane since it 5 should reflect lipid packing at the membrane core. Membrane permeation can be described by 6 a so called "solubility-diffusion mechanism" (see review by Shinoda 91 for details) and 7 quantified by the membrane permeability coefficient, P m . The P m of a water molecule is 8 proportional to its oil/water partition coefficient (K oil/water ). 92,93 9 10
First, we calculated the membrane/water partition coefficient for water at equilibrium and at 11 different strains. We do that by calculating the average number of water molecules (1 CG 12 water bead = 4 water molecules) in the bilayers within a distance of 0.52 nm from the lipid 13 tails on 1 µs molecular simulations. The partition coefficient for water is mem/water = Lagrange strains along the cortex shell-layer for one of the 10 tested models for 5% < ε axon 26 <15%-when the axon is stretched (0< ε axon <30 %), due to its composite nature, the 27 deformation pattern along the axonal cortex is not homogeneous. Areas of strain 28 concentration on the cortex evidently form throughout axonal deformation. The magnitude of 29 this strain concentration is dependent both on the applied strain (different columns in Figure   30 3) and strain rate (different rows in Figure 3 ). It can be observed that, for example, an 31 applied axonal strain as low as 5% corresponds to a local maximum strain which is twice as 32 high. The more ε axon increases, the more this localization of strains in the cortex is 33 pronounced. Moreover, on each column it is possible to observe, for the same axonal strain, 34 the influence of strain rate (1, 10 and 40 /s) on the local deformation level. Here it is possible 35 to notice that higher strain rates do not lead to higher local maximum strains for ε axon <10%.
36
However, at higher axonal strains the intuitive order is re-established: higher strain rates lead 37 ultimately to higher cortex-level deformations (Figure S2 ).
39
To better understand this behavior, the average results of 10 different models are reported in applied axonal strains. What can be noted is, first, the increased standard deviation with 43 higher rates. In addition, one can notice that for strain rates of 1 /s and 10 /s the curves follow 44 the same path until ε axon ≈ 7% and then diverge. Interestingly, as previously noted, the 45 response for a strain rate of 40 /s is on average lower than that of 1 /s and 10 /s until ε axon ≈ 46 12% and ε axon ≈ 20% respectively. 2 nd Principal Green-Lagrange strains (ε y ) in the cortex 9 plane were consistently found to be at least 6 orders of magnitude inferior to ε x , therefore 1 they were set to zero when input into MD simulations. Evan. 94 The agreement allows us to move forward and use the model to investigate the effect 18 of local deformation on the bilayer structure. A selected number of cortex strains ε x (Figure   19 4) were input into the membrane and membrane-protein system, while the membrane model 20 was kept undeformed in the y-direction (ε y =0).
22
We monitored the bilayer structural features (i.e. pore formation, interdigitation, and water 23 permeability) at different local strains. Figure 5 depicts how the occurrence of pore 24 formation is detected. Namely, this event corresponds to a jump in the surface tension. Na v 1.1 protein (MovieS1, Movie S2). We observed that the membrane rupture occurs at 10 slightly larger local strain in presence of the protein. The presence of the Na v 1.1 protein 11 therefore not only renders the membrane more resistant to deformation but also to rupture. In 12 addition, it was observed that before poration, the bilayers start to form interdigitated states 13 (Figure S4) . Interdigitation occurs at ε x > 27 % in absence of protein and ε x > 34 % in 14 presence of protein, corresponding to ε axon =9%-11% and ε axon =10-12%, respectively ( Figure   15 6). Interestingly, poration both in presence and absence of protein takes place in bilayer 16 regions lacking ganglioside lipids (Figure 7) . Ganglioside-type lipids are mainly found in the 17 outer leaflet of the membrane and are known to make the lipid bilayer more resistant to 
6
To quantify that the molecular models indeed reproduce membrane partitioning, we 7 calculated the membrane/water partition coefficient for water at equilibrium (logK mem/water = -8 1.73). The presence of the protein has almost no effect on the partition coefficient 9 (logK mem/water = -1.75). At the increase of ε axon , water partitioning between aqueous solution 10 and lipid bilayers increases proportionally to ε x (Figure S5) . Given the aforementioned 11 proportionality between the partition coefficient K mem/water and the permeability P m , the latter 12 can be quantified as a function of strain. In particular, starting from equilibrium state, water 13 permeability increases up to 40 % (51 % in presence of protein) before pore formation. The biomechanics of TBI has been the focus of considerable research effort for many years 19 now. Nevertheless, the underlying injury mechanism leading to cellular impairment is yet to 20 be explained. The use of in-silico models can provide better understanding of the mechanical 21 cues determining cells' condition immediately after a mechanical insult. In this study, for the 22 first time, we were able to provide direct mechanical evidence of the possible onset of 23 mechanoporation as a result of the mechanical insult. More specifically, bridging finite 24 element and molecular dynamics simulations, we could determine at which level of axonal 25 strain the lipid bilayer sustains local deformations high enough to induce pore formation.
27
Several studies so far have stressed the need of taking into account axonal direction and homogeneous viscoelastic entity, the axon presents dramatic heterogeneities in deformation 1 along its length when stretched. 98 Evidence of this is also the localized axonal length increase 2 (up to 65%) that was observed as a result of axonal stretch. 19 The morphological response to 3 stretch injurysuch as the appearing of undulations and periodical swellings-clearly hints at 4 an heterogeneity in the axonal response to tensile injury loads. This is confirmed by the 5 localization of membrane strains that we observed with our model (Figure 3) . This membrane strains were reported. However, it must be noted that these discrepancies may 17 mostly be due to the non-alignment between applied load and axons' directions within the 18 culture. Moreover, membrane strains were calculated from the level of separation of fiducial 19 membrane markers whose initial distance is not reported. Hence, a direct comparison 20 between our results and these data cannot be made.
22
In our results maximum cortex strains clearly appear as a nonlinear function of axonal strain 23 (Figure 3) . Less intuitive is however the relation with strain rate. Due to the viscoelastic (and 24 hence rate-dependent) properties of tau proteins and of the cortex itself, at axonal strains 25 lower than 12%, the cortex deforms less at strain rate 40 /s rather than at 1 /s or 10 /s. Similar 26 observations were reported in previous studies based on numerical and analytical models of 27 the sole microtubule bundle. 24, 25, 99 In those studies, simulations of the microtubule bundle 28 undergoing stretch revealed a higher resilience of the microtubule bundle at higher stretch 29 rates. Whether this emerging property is reflected by experimental models of axonal injury 30 has, to the best of our knowledge, not been established yet.
32
To assess the influence of the chosen material properties on maximum cortex strains and on 33 this rate-related phenomenon, a sensitivity study was conducted with one of the ten 34 geometries (Figure S1 in Supplementary material thresholds. 18, [66] [67] [68] [69] [70] Thresholds obtained from experimental tissue injury models cover a 1 slightly higher range of axonal strains. 68, 69 However, this is probably due to the influence of 2 axonal tortuosity and the alternation between an affine/non-affine regime. 95,96 Namely, when 3 deforming the tissue experimentally, at least initially, part of the tissue deformation goes into 4 straightening of the axons. Only later the axons themselves sustain a deformation.
6
Several studies have so far tried to assess axonal injury by means of permeability. 6, 9, 10, 12, 16, 101 7
Cell-impermeant macromolecules, such as horseradish peroxidase or Lucifer Yellow, are 8 commonly injected in the extracellular space, prior to the application of a mechanical insult 9 to cell culture or the organ itself. The presence of these molecules in the intra-cellular space 10 post-injury has been proposed as an indicator of pore formation in the axolemma. These 11 changes are studied as a function of the magnitude of the applied strain and strain rate. can be expected even below the poration threshold, namely at axonal strains lower than 10-15 21 %. Interestingly, in a previous study by Yuen and coworkers, 70 which utilized an aligned cell 22 culture system, pathological axonal alterations were observed at strains starting from 23 ε axon =5%a value that is more than twice as low as established axonal injury thresholds. 18,66-24 69 Based on our molecular simulations insight, this might be indeed justified by alterations in 25 axolemma permeability pre-poration.
27
At this stage, we would like to stress that it is only the combination between these two 28 models (the axonal and molecular-based membrane model) that allowed us to achieve such a 29 good agreement with experimental injury thresholds. In particular, ignoring the composite 30 nature of the axonal model, one would be tempted to assume that the strains sustained by the 31 membrane are equivalent to the tensile strains sustained by the axon. In this scenario, 32 according to our results (Figure 6) , poration would occur at ε x =ε axon  [0.34,0.51]. These 33 strain values are considerably higher than those so far proposed for axonal injury. Our 34 modeling effort was first aimed at an accurate representation of the axon passive mechanical 35 response to provide axon-specific boundary conditions to simulate molecular-level membrane 36 simulation. Secondly, an accurate representation of the membrane lipid content was deemed 37 necessary to assess features such as membrane permeability and poration given that lipid 38 content is known to have an influence on membrane's mechanical properties. 28, 30, 31, 33 39 Although our modeling approach brings new insights into the axonal injury mechanism, here 45 we want to address some limitations. Firstly, it must be noted that no active molecular 46 mechanism was considered in our axonal injury simulations. This was deemed a fair 47 approximation given that the aim of this work is to assess injury events that happen in be seen as insights into the possible mechanistic events related to primary injury, rather than 1 damage evolution towards secondary axotomy.
3
It is also important to stress that our model represents a generic portion within the distal axon 4 of an unmyelinated neuron. Several studies have so far proposed specific axonal sites such as 5 the nodal, paranodal, internodal segments as primary sites of injury. [102] [103] [104] Few studies have 6 also highlighted the susceptibility to injury of the axon initial segment (AIS), the parasomatic 7 region where action potentials are initiated. [105] [106] [107] Due to the differences in the cytoskeleton 8 of the AIS and the distal axon, however, our results cannot be generalized to this segment.
10
Microtubules failure was discarded as injury trigger in our previous publication. 26
11
Nevertheless, primary effects on other filaments might still subsist. At this point, it is to note that our model accounts for the effect of an embedded protein on 24 the membrane structural features, but does not account for possible protein structural change 25 at different strains, since the protein is described as a semi-rigid body. Na v 1.1 was chosen as 26 a representative example of one of the axolemma ion channels, however our protein- Moreover, the molecular systems used in this study do not account for the recruitment of 32 lipids, which has previously been discussed as a strategy put in place by the neurons to 33 reduce the build-up in membrane tension. 34,112 Such a mechanism was however observed in 34 experiments applying a "gentle" osmotic perturbation rather than very fast deformations as 35 those simulated in this study. Hence, although such a mechanism should be taken into 36 account when studying the evolution of axonal injury, it is here deemed not to affect our 37 considerations.
39
Further method specific limitations have been previously addressed for both the axonal model 40 and for molecular simulations of membranes. 26, 113 What we would like to address at this stage 41 are possible alternatives to the methodology that was presented here to bridge the axon finite 42 element and membrane molecular descriptions. An alternative to our approach could have 43 been to describe also the lipid bilayer at the continuum (axonal) level and derive tensions 44 (pressures) to be subsequently input into the molecular system. However, extracting 45 continuum properties from molecular systems is a nontrivial problem and underlies several 46 assumptions. [114] [115] [116] [117] [118] Equating the strains at the two different length scales, on the contrary, 47 allowed us to prescind from a continuum description of the lipid bilayer that would have been 48 otherwise affected by several other assumptions. Another option is to directly apply strain 49 rates (1, 10, and 40 1/s) to the molecular-based membrane model. However, at the moment, it 50 16 is computationally unfeasible to obtain results at such time scale in a reasonable time frame.
1 Applying local strain directly to the simulation allowed us to overcome the time scale issue.
3
The current models were used in cascade to investigate the response to a purely uniaxial 4 stretch injury. Although this can be comparable to a controlled in vitro loading mode, it does 5 not directly correlate with the in vivo scenario. Strains in the brain are in fact represented by a 6 3D tensor. Current finite element head models resolve, with slightly different methods, this 7 tensor in the fiber direction and use this one-dimensional quantity as injury predictor. [119] [120] [121] [122] In 8 future studies, the uniaxial condition could be dropped to study how an axonal model 9 embedded in a matrix responds to a complete strain tensor. As a result of the different In this study we successfully applied a top-to-bottom approach to better characterize the onset 15 of axonal injury. By bridging continuum and molecular descriptions, we have provided 16 quantitative evidences showing that mechanoporation of the axolemma is an event that 17 cannot be excluded in a typical axonal injury scenario. In addition, we showed that pre-18 poration strain levels were characterized by an increased water permeability and 19 interdigitated states. All in all, our study results provide increased knowledge of the axonal 20 injury mechanism and have therefore potential positive implications for the development or 
